We used the multichannel quantum defect theory to compute cross sections and rate coefficients for the dissociative recombination of CH + initially in its lowest vibrational level v + i = 0 with electrons of incident energy below 0.2 eV. We have focused on the contribution of the 2 2 Π state which is the main dissociative recombination route at low collision energies. The final cross section is obtained by averaging the relevant initial rotational states (N + i = 0, . . . , 10) with a 300 K Boltzmann distribution. The Maxwell isotropic rate coefficients for dissociative recombination are also calculated for different initial rotational states and for electronic temperatures up to a few hundred Kelvins. Our results are compared to storage-ring measurements.
Introduction
The methylidyne cation CH + is one of the most important molecular species for astrophysical observations having a particular interest for the formation of large hydrocarbons in the interstellar medium (ISM). It was discovered at visible wavelengths by Douglas and Herzberg in 1941 [1] , shortly after the discovery of the CH by Swings and Rosenfeld in 1937 [2] .
Since then, it has been detected in a wide variety of environments but its ubiquity and high abundance in the diffuse environments in the ISM persists being a puzzling problem [3] . The mechanism by which it forms has remained however elusive.
The most probable formation channel of the CH + cation, the reaction of atomic carbon C + with H 2 , is endothermic by 0.398 eV (4620 K) [4] , which is by far higher than the kinetic temperatures in ordinary diffuse clouds (∼100 K). In order to be formed in a sufficient abundance for observation, it has been suggested that the endothermicity related to its most probable formation pathway must be overcome by turbulent dissipation, shocks, or shears (see e.g., Reference [3] and references therein). Furthermore, it was found that, in photon dominated regions, the ro-vibrationally excited H 2 reservoir can provide an alternative route to overcome the endothermicity of the formation reaction [5, 6] , since the rotational and vibrational energies are as effective as the translational energy in promoting this type of reaction [4, 7] .
It is evident from the previous example that the detailed knowledge of the CH + molecular cation chemistry can provide unique physical insights into the modelling of the different ISM environments.
The full understanding of the production and loss mechanisms and the competition between the radiative processes, the destruction and collisional excitation processes are needed to be known in detail.
Due to its astrophysical interest the electron induced reactive processes of CH + has been extensively studied in the last three decades. The first measurement of the dissociative recombination of CH + was performed by Mitchell and McGowan [8] . A few years later, Mul et al. [9] reported measurements which resulted in slightly larger rate coefficients than those given by Mitchell and McGowan. Later on, more accurate values of thermal rate coefficients were given by Mitchell [10] . In the mid 90s, the most comprehensive experimental study of CH + dissociative recombination was published by Amitay et al. [11] , where cross sections, branching ratios and angular distributions have been reported. The special feature of these results was the presence of prominent resonances that had not been present in the previous experimental and theoretical studies. They tentatively attributed these to capture of the incident electron into core excited Rydberg states, electronically coupled to the initial electronic continuum and the final dissociative channel.
The first theoretical results were reported by Takagi et al. [12] . Their calculated cross sections agreed with the experimental results of Mitchell [10] . In order to understand and characterise the broad resonances in the experiment of Amitay et al. [11] , a Multichannel Quantum Defect (MQDT) calculation of DR was performed by Carata et al. [13] where they took into account the effect of core excited states. Their result have reproduced the broad resonances mentioned by Amitay et al. but they have underestimated the experimental data by more than an order of magnitude, especially at higher collision energies. This was followed by the study of Guberman [14] on the angular distributions of the products of dissociative recombination of CH + . Recently, we have revised the work done by Carata et al. [13] , using an improved version of the MQDT method [15] and the newly calculated DR cross sections agree well with the results of Amitay et al. [11] , at relatively high energy.
CH + is easily destroyed by reactions with electrons and hydrogen atoms and also by reactions with H 2 molecules. The inelastic collisions with these dominant species, are no faster than the destructive reactive processes [16] , thus, inelastic collisions can never fully equilibrate the rotational population of CH + , leading to strong deviations of the level populations from local thermodynamic equilibrium.
In diffuse interstellar molecular clouds, where the temperature and pressure are very low, CH + mainly occurs in its ground vibrational state and, due to high electron densities, the main route for its destruction is via dissociative recombination (DR):
where N + i and v + i denote respectively, the initial rotational and vibrational levels of the ground-state of the molecular ion. The present work is devoted to give the theoretical and computational details on the rate coefficients reported in Reference [16] , by presenting the methodology used in obtaining the cross sections of the dissociative recombination of CH + , by taking into account in full detail the rotational effects.
The paper is structured as follows: Section 2 provides the main steps of our MQDT method. The computations of cross sections and rate coefficients and detailed comparison with former results are described in Section 3. The conclusions are presented in Section 4.
Theoretical Method
In the present paper, we use an MQDT-type method to study the electron-impact collision processes given by Equations (1) which result from the quantum interference of the direct mechanism-the capture takes place into a dissociative state of the neutral system (CH * * )-and the indirect one -the capture occurs via a Rydberg state of the molecule CH * which is predissociated by the CH * * state. In both mechanisms the autoionization is in competition with the predissociation and leads, through the reaction (2), (2) where N + i and N + f are the initial and the final rotational quantum numbers of the molecular ion. In the calculations, for both reaction the initial vibrational quantum number was taken v + i = 0. The process is the so-called inelastic collision (IC), if N + i < N + f and superelastic collision (SEC) for N + i > N + f . A detailed description of our theoretical approach is given in previous studies on H + 2 and HD + [17] [18] [19] [20] . The major steps of the method are briefly outlined as follows:
1.
Construction of the interaction matrix V: Within a quasi-diabatic representation [17, 21, 22] of the CH states, the interaction matrix is based on the computed couplings between ionisation channels -associated to the ro-vibrational levels N + v + of the cation and to the orbital quantum number l of the incident/Rydberg electron-and dissociation channels d j .
2.
Computation of the reaction matrix K: Given H 0 the Hamiltonian of the molecular system under study in which the Rydberg-valence interaction is neglected, we adopt the second-order perturbative solution for the Lippman-Schwinger integral equation [23] , written in operatorial form as:
3.
Diagonalization of the reaction matrix, yields the corresponding eigenvectors and eigenvalues which are used to build the eigenchannel wave functions.
4.
Frame transformation from the Born-Oppenheimer (short-range) to the close-coupling (long-range) representation, relying, for a given electronic total angular momentum quantum number Λ and a given orbital quantum number of the incident/Rydberg electron l, on the vibrational wave functions of the molecular ion (χ Λ + N + v + ) and of the neutral system (χ Λ Nv ), on the quantum defect µ Λ l (R) and on the eigenvectors (U Λ lv,α ) and eigenvalues (η Λ α ) of the K-matrix:
as well as S lN + v + ,Λα and S d j ,Λα , which are obtained by replacing cosine with sine in Equations (4) and (5).
5.
Construction of the generalised scattering matrix X, based on the frame-transformation coefficients, this matrix being organised in blocks associated to open and/or closed (o and/or c respectively) channels:
6.
Construction of the generalised scattering matrix S,
based on the open channels, the first term in Equation (7) but also on their mixing with the closed ones, given by the second term, the denominator being responsible for the resonant patterns in the shape of the cross section [24] . Here the matrix exp(−i2πν) is diagonal and contains the effective quantum numbers ν v + associated to the vibrational thresholds of the closed ionisation channels. 7.
Computation of the cross-sections:
For each of the relevant state of the neutral, characterised by the rotational quantum number N, which are grouped by symmetry properties: electronic total angular momentum quantum number Λ, electronic spin singlet/triplet and for a given target cation ro-vibrational level N + i v + i and energy of the incident electron ε, the dissociative recombination cross sections are computed as follows:
where ρ stands for the ratio between the multiplicity of the involved electronic states of CH and that of the target, CH + .
Cross Sections and Rate Coefficients
The molecular data necessary to model the dissociative recombination and rotational excitation are the potential energy curve (PEC) of the ground state of the ion, the PECs of the neutral valence dissociative states interacting with the ionization continua, those of the Rydberg states associated to these continua below the threshold (leading to smooth R-dependent quantum defects) and all the relevant Rydberg-valence couplings. These entities can be seen in Figure 1 .
In the present MQDT calculations, we used the potential curve of ground electronic state of CH + having 1 Σ + symmetry that comprises in total 19 vibrational levels, calculated by Green et al. [25] , while for the dissociative doubly excited state (2 2 Π) of the neutral molecule the PEC calculated by Takagi et al. [12] . All these PECs are shown in Figure 1 together with the first four vibrational levels of the ionic state. The R-dependent electronic coupling and quantum defect are those used by Carata et al. [13] , given in Figures 3 and 4 of the same reference and are shown on the right side of Figure 1 .
Using this set of molecular data (PECs, electronic couplings and quantum defects), we performed a series of full rotational MQDT calculations of the cross sections for dissociative recombination for vibrationally relaxed CH + molecular ions on their first 11 rotational levels (v + i = 0, N + i = 0 − 10), by taking into account the contribution of the p (l = 1) partial wave in representing the scattering.
We have calculated the DR cross sections for the vibrationally relaxed (v + i = 0) CH + molecular cation for all the rotational states up to N + i = 10. In Figures 2 and 3 we show those for the first six rotational states (N + i = 0 to 5) for the energy range up to 30 and 200 meV respectively. One may notice on one hand that the cross sections are governed by Rydberg resonances and on the other hand there is a clear dependence on the initial rotational state on the whole energy range, in both the absolute values of the cross sections and the intensities of the resonance structures. The DR Maxwell rate coefficients computed for the lowest 11 rotational levels of the ground vibrational level are represented in Figure 4 , together with that one for non-rotational case and the averaged rate 300 K. It can be noticed that there is a significant dependence on the initial rotational levels of the molecular cation for temperatures up to 200 K. It is this region, where the difference between the averaged and non-rotational rates are the largest. Above this temperature, the dependence is less pronounced, the non-rotational rate coefficient and that one of averaged at 300 K are on top of each other. And finally, in Figure 5 , the convoluted DR cross section is compared to the non-rotational MQDT results and to the measurements. Our MQDT-based DR cross sections obtained including rotation show a satisfactory agreement with the experimental data up to 0.2 eV. Above this collision energy, the core excited effects become important. We also present in this figure the results of Carata et al. [13] , obtained using an MQDT first order perturbative treatment of dissociative recombination with the inclusion of the lowest two core excited states of the ion (black dotted line), whereas our most recent results were calculated with the ground ionic state but in second order (thick magenta line). It can be seen in the energy range considered that the rotational effects and the second order treatment brings remarkable enhancement in the DR cross sections. Comparison of Maxwell anisotropic convoluted cross section for the dissociative recombination of CH + (X 1 Σ + ) in the ground vibrational state v + i = 0 with experimental measurement. Brown thin curve direct process without rotation, black dashed curve: total process without rotation, black solid curve: total process rotation included, black dotted line: MQDT calculation of Carata et al. [13] , red curve: experimental results of Amitay et al. [11] , thick magenta line: most recent three cores MQDT calculations without rotation [15] .
Conclusions
In the present work, we have computed cross section and rate coefficients for dissociative recombination of CH + in its ground vibrational state v + i = 0. We show the dependence of the rate coefficients and cross section on initial rotational quantum numbers. Whereas the agreement between our results and the experimental results is not perfect, there are no alarming discrepancies either. The cross section results for DR below 0.2 eV, as well as the rate coefficients for temperatures smaller than 600 K as a function of the initial rotational quantum numbers presented here can be used for astrophysical models.
In order to extend our model to rotational transitions and allow comparisons with the the R-matrix method combined with the adiabatic nuclei-rotation approximation calculations [26] , as well as to improve our approach valid for high energy [15] , we have to include further molecular states starting from the most recent calculations of Chakrabarti et al. [27] and to take into account further partial waves and excited core effects.
